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On: Sun, 30 Dec 2018 12: 34:46 in the type species of the genus, Bacillus subtilis, ''should in future constitute the 'core characteristics' of the genus''. Considering these properties along with phylogenetic and phenotypic distinctiveness, many Bacillus species have been either reclassified into closely related existing genera like Rummeliibacillus, Geobacillus, Lysinibacillus and Salibacillus (Vaishampayan et al., 2009; Nazina et al., 2004; Ahmed et al., 2007; Wainø et al., 1999) or assigned to new genera such as Alkalibacillus, Viridibacillus, Psychrobacillus and Falsibacillus (Jeon et al., 2005; Albert et al., 2007; Krishnamurthi et al., 2010; Zhou et al., 2009) .
Bacillus beijingensis and Bacillus ginsengi were reported as novel species in April 2009, isolated from the tissue of ginseng roots ; shortly afterwards, in October 2009, the new genus Bhargavaea was reported, with a single species, Bhargavaea cecembensis, isolated from a deep-sea sediment sample collected from the Chagos-Laccadive ridge system in the Indian Ocean . As these two studies were reported at around the same time, it was obvious that comparison with Bacillus beijingensis and Bacillus ginsengi was not included while describing the genus Bhargavaea Manorama et al., 2009) , although their 16S rRNA gene sequences show more than 99 % similarity. Therefore, it is necessary to re-evaluate the taxonomic status of these species.
In order to compare Bacillus beijingensis, Bacillus ginsengi and Bhargavaea cecembensis under the same laboratory conditions, a polyphasic taxonomic approach was used. The proposed minimal standards to include species in the genus Bacillus (Kämpfer et al., 2006) and for genera accommodating species originally allocated to Bacillus (Logan et al., 2009) were followed. For this study, we used the following type strains: Bacillus beijingensis DSM 19037 T , Bacillus ginsengi DSM 19038 T and Bhargavaea cecembensis LMG 24411 T . The three strains were cultured routinely on Luria-Bertani (LB) agar and stock cultures were maintained at 280 u C as suspensions in LB broth containing glycerol (20 %, v/v). Subcultivation and phenotypic, physiological, chemotaxonomic and molecular systematic studies were performed using strains grown in LB broth or on LB agar, unless stated otherwise.
In order to confirm the taxonomic position of the type strains of Bacillus beijingensis, Bacillus ginsengi and Bhargavaea cecembensis, we carried out a phylogenetic study based on comparison of 16S rRNA and gyrB gene sequences. Bacterial DNA preparation and PCR amplification of the 16S rRNA and gyrB genes of the three strains were carried out as described by Hauben et al. (1997) and Yamamoto & Harayama (1995) , respectively. The 16S rRNA and gyrB nucleotide sequences were determined using Big Dye terminator version 3.1 cycle sequencing kit, and electrophoresis was carried out in an automated DNA sequencer, model 3730XL (Applied Biosystems).
The 16S rRNA and gyrB gene sequences of Bacillus beijingensis DSM 19037 T (1516 bp for 16S rRNA and 1048 bp for gyrB), Bacillus ginsengi DSM 19038 T (1522 and 947 bp) and Bhargavaea cecembensis LMG 24411 T (1516 and 1011 bp) were compared and analysed with reference gene sequences by NCBI BLAST (Altschul et al., 1997) and megaBLAST (Zhang et al., 2000) programs for identification of closely related type strains of species with validly published names (Chun et al., 2007) . Translated BLAST (BLASTX) was also used to find similar protein sequences to those encoded by the gyrB nucleotide sequences of the three strains.
The 16S rRNA gene sequences with highest similarity scores were selected for the calculation of pairwise sequence similarity using a global alignment algorithm implemented at the EzTaxon server (http://www.eztaxon. org/; Chun et al., 2007) . 16S rRNA gene sequences and deduced GyrB amino acid sequences of the closest relatives were downloaded from GenBank and EMBL databases and alignments were performed with the CLUSTAL_X program (Thompson et al., 1997) . Multiple sequence alignments were edited and corrected manually using DAMBE (Xia & Xie, 2001) and degapped alignments of 16S rRNA gene sequences (obtained from regions available for all sequences, corresponding to positions 104-1413 of the 16S rRNA gene of Escherichia coli ATCC 11775 T ) and 317 amino acid positions for deduced GyrB sequences were used to obtain an unambiguous sequence alignment. Evolutionary genetic distances were computed according to the algorithm of Kimura's two-parameter model (Kimura, 1980) and Poisson correction (Zuckerkandl & Pauling, 1965) for the 16S rRNA gene and deduced GyrB amino acid sequences, respectively. Tree topologies were inferred with the neighbour-joining (Saitou & Nei, 1987) , minimum-evolution (Rzhetsky & Nei, 1992) and maximum-parsimony (Fitch, 1971 ) methods, using MEGA (version 5.05; Tamura et al., 2011) . The robustness of the topology of phylogenetic trees was evaluated by a bootstrap analysis (Felsenstein, 1985) with 1000 replications. On the basis of 16S rRNA gene sequence analysis, the phylogenetic relationships elucidated using three different tree-making algorithms, the neighbour-joining ( Fig. 1) , minimum-evolution (not shown) and maximum-parsimony ( Fig. S1 , available in IJSEM Online) methods, showed that the three type strains clustered together and constituted a deeply rooted, evolutionarily distinct group, separated from related species of the genera Bacillus, Planococcus, Planomicrobium, Sporosarcina, Lysinibacillus, Viridibacillus, Kurthia and Geobacillus. The node grouping the three type strains had a high bootstrap value of 100 %, indicating the strong stability of the topology.
Based on gyrB gene sequences, the level of similarity between Bacillus beijingensis DSM 19037 T and Bacillus ginsengi DSM 19038 T was 80 %. For Bhargavaea cecembensis LMG 24411 T , the highest gyrB gene sequence similarity values were 81.6 and 88 %, respectively, for Bacillus beijingensis DSM 19037 T and Bacillus ginsengi DSM 19038 T . Notwithstanding the high 16S rRNA gene sequence similarity, analysis of the additional phylogenetic marker gyrB showed that these three strains represent distinct species. Because of the low similarity, BLASTN analysis of gyrB gene sequences of these three strains did not give any relevant hits in the NCBI database. Thus, translated BLAST (BLASTX) was used to find homologous proteins to those encoded by these gyrB nucleotide sequences. GyrB amino acid sequence similarities of the three type strains with respect to members of the genera Bacillus, Sporosarcina and Geobacillus present in the NCBI database were ¡79.2 %. The highest similarities of the GyrB amino acid sequence-based phylogenetic trees, obtained by the neighbour-joining (Fig. 2) , minimumevolution (not shown) and maximum-parsimony ( Fig. S2 ) methods, showed similar topologies. The results of GyrB amino acid sequence comparisons confirmed those obtained by 16S rRNA gene sequence comparison and clearly support the conclusion that these three species constitute a stable cluster separate from other related species. The eminent clustering and the relatively low 16S rRNA and gyrB gene sequence similarity to their nearest phylogenetic neighbours (Ludwig et al., 1998) clearly supported the conclusion that the correct taxonomic position of Bacillus beijingensis and Bacillus ginsengi should no longer be within the genus Bacillus but instead should be within the genus Bhargavaea.
Macroscopic properties were determined using classical characterization of colony appearance. Cellular morphology was determined on trypticase soy agar (TSA; Becton Dickinson) with aerobic incubation at 37 uC for 24 h. Motility was examined by observing cells in wet mounts using phase-contrast microscopy (Eclipse E600; Nikon) and also by observing growth on soft TSA (0.4 % agar) plates. Sporulation was observed using a Schaeffer & Fulton's spore-staining kit (K006-1KT; HiMedia) according to the manufacturer's protocol with a culture grown on sporulation medium (M1018; HiMedia), TSA in combination with sporulation medium and TSA with MnSO 4 (50 mg l 21 ).
All biochemical tests were carried out at 37 u C under aerobic conditions, unless stated otherwise. Catalase and oxidase activities were determined using 3 % (v/v) hydrogen peroxide and Kovacs' reagent (Kovacs, 1956) , respectively. Haemolytic activities were checked by growing cultures on LB agar with 5 % (v/v) sheep blood and incubating for 1 week. Urease production, reduction of nitrate and nitrite, resistance to lysozyme, indole production from tryptophan, methyl red and Voges-Proskauer reactions and hydrolysis of casein and gelatin were studied according to the methods of Gordon et al. (1973) and Powers & Latt (1977) . Utilization of citrate was checked according to Simmons (1926) . Fermentative growth and H 2 S production were tested on triple-sugar iron (TSI) medium (HiMedia). Phenylalanine deaminase activity was determined by flooding phenylalanine agar (HiMedia) after 24 h of incubation with 1 % (w/v) ferric chloride solution. Growth at 4, 10, 15, 20, 25, 30, 37, 40, 42, 45, 47 and 50 u C was measured on LB agar and in LB broth. The pH range for growth was determined in buffered LB broth adjusted to pH 4-12 at intervals of 0.5 pH units. Growth with 0, 0.5, 1, 1.5, 2, 4, 6, 8, 10, 12 and 14 % (w/v) NaCl was investigated using LB broth prepared according to the standard formula except that NaCl was omitted. Acid production from various carbohydrates was tested with carbohydrate differentiation discs (adonitol, arabinose, cellobiose, dulcitol, fructose, galactose, glucose, inositol, inulin, lactose, maltose, mannitol, mannose, raffinose, rhamnose, salicin, sorbitol, sucrose, trehalose and xylose) (HiMedia) added to basal medium that contained phenol red as an indicator. Other biochemical tests, enzyme activities and oxidation of different carbon substrates were determined using the VITEK-2 GP compact system version 04.01 (bioMérieux), API ZYM (bioMérieux) and Biolog GP2 MicroPlates following the manufacturers' instructions. Growth patterns on various standard agar media (Table 1) under aerobic conditions at 37 u C were monitored for 1 week to ascertain growth differences.
Bacillus beijingensis and Bacillus ginsengi have non-sporeforming, non-motile, coccoid rod-shaped cells; these features make them morphologically distinct from the type species of the genus Bacillus, Bacillus subtilis, but similar to the genus Bhargavaea (Table S1 ). Detailed results of physiological and biochemical analyses are given in Tables 1 and S2 . The API ZYM fingerprint was same for the three strains; however, they can be differentiated from each other by urease production, resistance to lysozyme, sucrose fermentation in TSI medium, acid production from various sugars, results of b-mannosidase, D-mannose and tetrazolium red tests using the VITEK-2 GP compact system and oxidation of substrates in GP2 MicroPlates (Tables 1 and S2 ). The three strains showed differential growth patterns on VY/2 agar, Alcaligenes xylosoxydans agar with benzoate, Arthrobacter agar, CGY agar and actinomyces agar (BBL) ( Table 1) .
Polar lipids were isolated from the three strains by using standard procedures (Minnikin et al., 1984) and separated by TLC according to the method of Minnikin et al. (1977) . The isomer type of the diamino acid present in the cell-wall peptidoglycan was confirmed according to the method of Hancock (1994 cecembensis LMG 24411 T was analysed at the Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany) using previously described procedures (MacKenzie, 1987; Schleifer, 1985; Schleifer & Kandler, 1972) . The predominant polar lipids present in the three strains were diphosphatidylglycerol and phosphatidylglycerol. L-Lysine was the diagnostic diamino acid in the cellwall peptidoglycan of all three strains. The three strains showed peptidoglycan type A4a: Bhargavaea cecembensis LMG 24411 T yielded L-Lys-D-Asp (type A11.31 according to http://www.peptidoglycan-types.info), whereas Bacillus beijingensis DSM 19037 T and Bacillus ginsengi DSM 19038 T yielded L-Lys-D-Glu (type A11.33). The dominant polar lipid and peptidoglycan patterns were essentially the same for the three type strains (Figs S4 and S5) . We observed L-lysine as the diagnostic diamino acid instead of meso-diaminopimelic acid, reported in the original description of Bhargavaea cecembensis , which supports the conclusion that these three species belong to the same genus.
Fatty acid analysis of the three strains was carried out at the Belgian Coordinated Collections of Microorganisms (BCCM/LMG). The strains were grown for 24 h at 37 u C on LB agar. Inoculation and harvesting of cells and extraction and analysis were performed according to the recommendations of the commercial Microbial Identification System (MIDI, Inc.). Fatty acid profiles were determined using the Microbial Identification System, Sherlock version 3.10 (MIDI, Inc.), and the TSBA identification library version 5.0. Whole-cell fatty acid compositions were determined by GC using an Agilent Technologies 6890N gas chromatograph. Quinones were extracted (from 300 mg freeze-dried cells) and purified according to the method of Minnikin et al. (1984) and analysed by TLC and HPLC as described previously (Kroppenstedt, 1985) .
The quinones of Bacillus beijingensis DSM 19037 T , Bacillus ginsengi DSM 19038 T and Bhargavaea cecembensis LMG 24411 T were dominated by menaquinone MK-8 (100, 75 and 60 %, respectively), with minor amounts of MK-7 ( Fig. S3 and Table S1 ). We observed MK-8 as the major menaquinone rather than MK-7, reported in the original descriptions of Bacillus beijingensis and Bacillus ginsengi ). Analysis of the menaquinone system revealed that all three type strains have MK-8 as the major quinone, which is unusual for the genus Bacillus, members of which generally contain MK-7 as the major quinone, supporting the conclusion that these three strains belong to the genus Bhargavaea. Cellular fatty acid profiles revealed that Bacillus beijingensis and Bacillus ginsengi are related to Bhargavaea cecembensis qualitatively, but the profiles differed quantitatively, particularly for iso-C 14 : 0 , iso-C 15 : 0 and iso-C 16 : 0 (Table 2) ; the profiles of the three type strains differed both quantitatively and qualitatively from that of Bacillus subtilis, such as in the presence of anteiso-C 17 : 0, iso-C 16 : 0 and iso-C 14 : 0 and the absence of anteiso-C 17 : 1 (Table S1 ).
The G+C content of the three strains was calculated using DNA samples prepared in duplicate and was determined by using the thermal denaturation method of Marmur & Doty (1962) . The G+C contents of Bacillus beijingensis DSM 19037 T , Bacillus ginsengi DSM 19038 T and Bhargavaea cecembensis LMG 24411 T were 53.1, 50.2 and 53.7 mol%, respectively. Differences were observed in G+C contents with respect to those reported in the original descriptions of Bacillus beijingensis, Bacillus ginsengi and Bhargavaea cecembensis (Table 1) that could be the result of different laboratory conditions. Overall, the G+C content of these three type strains did not differ significantly, again supporting their affiliation to the same genus.
The genomic relationships among the three strains were further examined using DNA-DNA hybridization. Genomic DNA was extracted according to a modification of the procedure of Gevers et al. (2001) . Hybridizations were performed in the presence of 50 % formamide at 47.5 u C according to a modification of the method described by Ezaki et al. (1989) and evaluated as described by Goris et al. (1998) (Wayne et al., 1987) . These results suggest further that Bacillus beijingensis and Bacillus ginsengi are more closely related to the genus Bhargavaea.
Overall, our data clearly suggest that Bacillus beijingensis DSM 19037 T , Bacillus ginsengi DSM 19038 T and Bhargavaea cecembensis LMG 24411 T constitute a coherent cluster that is separated from other species belonging to related genera of the order Bacillales. The phylogenetic, phenotypic and chemotaxonomic results in combination with the results of DNA-DNA hybridization clearly support this conclusion and show that they belong to a single genus as members of three separate species. Thus, we propose to reclassify the species Bacillus beijingensis and Bacillus ginsengi as novel species of the genus Bhargavaea, Bhargavaea beijingensis comb. nov. and Bhargavaea ginsengi comb. nov., respectively, and, in addition, since we have completed the description of the species Bhargavaea cecembensis, we have included these new phenotypic data in an emended description of this species and emended the description of genus Bhargavaea. Data are from the present study and were determined under the same experimental conditions. All strains are Gram-stain-positive, non-motile and non-spore-forming, positive for oxidase, catalase, caseinase c , gelatinase a , b-haemolysis and nitrate and nitrite reduction, while negative for indole production, Simmons' citrate, methyl red and Voges-Proskauer reactions, phenylalanine deaminase, glucose fermentation and H 2 S production in TSI medium. Metabolic fingerprinting using API ZYM shows that all three strains are negative for alkaline phosphatase, lipase (C14), valine arylamidase, cystine arylamidase, trypsin, a-chymotrypsin, acid phosphatase, a-galactosidase, b-galactosidase, b-glucuronidase, a-glucosidase, b-glucosidase, N-acetyl-bglucosaminidase, a-mannosidase and a-fucosidase, while positive for esterase (C4), esterase lipase (C8), leucine arylamidase and naphthol-AS-BIphosphohydrolase. None of the strains produced acid from adonitol, arabinose, glucose, dulcitol, inositol, inulin, lactose, mannitol, melibiose, raffinose, sorbitol, sucrose or xylose; however, acid production was positive for trehalose a and fructose a . Oxidation of different carbon substrates (Biolog GP2) shows that all three strains are positive for Tween 40 b , b-hydroxybutyric acid c , a-ketoglutaric acid c , a-ketovaleric acid, acetic acid, pyruvic acid methyl ester, succinic acid monomethyl ester c , pyruvic acid, succinamic acid c , L-alaninamide, L-alanyl glycine, L-glutamic acid, bcyclodextrin, L-serine c and glycerol, while negative for a-cyclodextrin, dextrin, glycogen c , inulin, mannan, amygdalin, Tween 80, L-arabinose, Darabitol, arbutin, cellobiose, D-fructose b , L-fucose, D-galactose, D-galacturonic acid, gentiobiose, D-gluconic acid, a-D-glucose, myo-inositol, Lasparagine c , lactose, lactulose, maltose, maltotriose, D-mannitol, D-mannose, melezitose, melibiose, methyl a-D-galactoside, methyl b-D-galactoside, 3-methyl glucose, N-acetyl-L-glutamic acid c , methyl a-D-glucoside, methyl b-D-glucoside, methyl a-D-mannoside, palatinose, D-psicose, raffinose, Lrhamnose, D-ribose, salicin, sedoheptulosan, D-sorbitol, stachyose, sucrose, D-tagatose, trehalose, turanose, xylitol, D-xylose, c-hydroxybutyric acid c , p-hydroxyphenylacetic acid, lactamide, D-lactic acid methyl ester, L-lactic acid, propionic acid c , L-pyroglutamic acid, putrescine, 2,3-butanediol c , Dfructose 6-phosphate, a-D-glucose 1-phosphate, D-glucose 6-phosphate and a-DL-glycerol phosphate. All three strains are able to grow on the following agar mediaD: trypticase soy agar, MacConkey agar (Oxoid), GYM streptomyces medium, caso agar, Wolinella succinogenes medium, Leucothrix medium and medium for campylobacter DSM 806. None of the strains grew on the following agar media:D SM1 (Tan et al., 2006) , universal medium for yeasts, halobacterium medium, semisolid NFb medium (Pedraza et al., 2007) , glycerol asparagine agar (Sigma-Aldrich), MRS medium, soybean mannitol medium (Hu et al., 2003) , YPM medium and pityrosporum medium. The cultural, morphological and physiological characteristics of the species, described by Qiu et al. (2009) , are valid, except that the type strain is positive for bhaemolysis, nitrite reduction and oxidation of Tween 40, a-hydroxybutyric acid and D-malic acid while negative for oxidation of D-fructose and L-alanine in GP2 MicroPlates. In GP VITEK-2 gallery, positive for the following tests: Ala-Phe-Pro arylamidase, Ellman, L-pyrrolidonyl arylamidase, L-aspartate arylamidase, leucine arylamidase, phenylalanine arylamidase and tyrosine arylamidase. Negative for the following GP VITEK-2 tests: L-lysine arylamidase, L-proline arylamidase, b-galactosidase, a-galactosidase, alanine arylamidase, N-acetyl-b-glucosaminidase, cyclodextrin, D-galactose, glycogen, myo-inositol, methyl a-D-glucopyranoside (acidification), methyl D-xyloside, a-mannosidase, D-mannose, b-mannosidase, tetrazolium red, b-xylosidase, maltotriose, glycine arylamidase, D-mannitol, melezitose, N-acetyl-D-glucosamine, palatinose, L-rhamnose, b-glucosidase, phosphorylcholine, pyruvate, a-glucosidase, Dtagatose, inulin, D-glucose, D-ribose, putrescine (assimilation), kanamycin (resistance), oleandomycin (resistance), Straight chain saturated C 14 : 0 tr 1.1 1.0 C 16 : 0 2.1 3.7 3.9 Branched saturated iso-C 14 : 0 4.2 4.9 8.9 iso-C 15 : 0 37.4 29.0 18.5 iso-C 16 : 0 5.9 8.6 14.0 iso-C 17 : 0 3.6 3.0 1.9 anteiso-C 15 : 0 27.0 32.6 33.4 anteiso-C 17 : 0 11.6 9.9 9.5 Monounsaturated C 16 : 1 v11c 1.6 1.4 1.5 C 18 : 1 v9c 1.0 1.0 1.1 C 16 : 1 v7c alcohol 2.2 2.5 4.8 iso-C 17 : 1 v10c 1.2 1.0 tr Summed feature 4* 2.2 1.5 1.5 *Summed features represent groups of two or three fatty acids that could not be separated by GLC with the MIDI system. Summed feature 4 contains iso-C 17 : 1 I and/or anteiso-C 17 : 1 B. DMedia prepared according to the composition given by the DSMZ unless indicated. dPrepared as described by Pike et al. (1972) . §DNA G+C contents reported in previous studies given in parentheses.
Emended description of the genus
the Chagos-Laccadive ridge system in the Indian Ocean. The DNA G+C content of the type strain is 53.7 mol%.
